Achillinin A (2,3-epoxy-1,4,10-trihydroxyguai-11(13)-en-12,6-olide, 1), a new guaianolide isolated from the flower of Achillea millefolium, exhibited potential antiproliferative activity to A549, RERF-LCkj and QG-90 cells with 50% inhibitory concentration (IC 50 ) values of 5.8, 10 and 0.31 M, respectively.
The large Asteraceae (Compositae) family contains 25,000-30,000 species belonging to over 1000 genera. The chemistry of members of this family has been intensively studied, and more than 28,000 substances have so far been identified. 1) The genus Achillea L. (tribe Anthemidae) comprises over 100 species distributed in the northern hemisphere, usually represented by small herbs. The aerial parts of different species of this genus are widely used in folk medicine for preparing herbal teas with antiphlogostic and spasmolytic activity. Different families of sesquiterpene lactones have been reported from this genus, eudesmanolides and guaianolides being the most common. Achillea millefolium is widely spread over the Northern hemisphere, represented by a polyploid complex of species and subspecies. Achillea millefolium Linnaeas (English name: yarrow), one of the most abundantly occurring species, has been important for a long time as a drug in traditional and modern medical practice.
2) Its antiinflammatory principles have been investigated.
3) Previous phytochemical investigations have isolated flavonoids 4, 5) and C-glycosyl flavonoids, 6) the sesquiterpene lactones achillin, 7, 8) millefin, 9) acetoxyartabsine and 2,3-dihydrodeacetoxymatrin, 10) balchanolide, acetylbachanolide, millefolide, 11) achillicin, 12) the acetylenic compounds and amides, [13] [14] [15] achillicin, 5) -peroxyachifolid and -peroxyachifolid, 16, 17) achimillic acids A, B and C, 18) and some other sesquiterpenoids 19) from A. millefolium. As part of our efforts to screen bioactive agents with potential anti-tumor activities from higher plants, a methanolic extract of A. millefolium exhibited significant cytotoxicity against cultured human tumor cell lines in vitro. This phytochemical investigation was undertaken to isolate the active components, and this paper reports the isolation, structural elucidation and cytotoxic evaluation of a bioactive compound from the extract.
Results and Discussion
The methanol extract of the flowers of Achillea millefolium afforded compound 1 as a colorless gum {½
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(c 0.10, CHCl 3 )}. The FAB mass spectrum of 1 gave a prominent peak at m=z 335, accompanied by an intense fragment peak at m=z 317 produced by the elimination of H 2 O from the parent molecule. The molecular formula of 1 was deduced from the high-resolution FAB mass spectrum to be C 15 20) together with the carbon resonance lines at 77.2 (C), 56.2 (CH), 57.3 (CH) and 70.7 (C) in the 13 C-NMR spectrum demonstrate the presence of an 2,3-epoxy-1,4-dihydroxy moiety on a five-membered ring. The chemical shifts and coupling constant further corroborate the structure of ring-A as a cyclopentane ring. The connectivity of ring-B was elucidated by 1 H-1 H COSY and HMBC analyses (Fig. 2 ). All these observations suggest that compound 1 was a highly oxygenated guaianolide. 20, 21) Furthermore, the signals due to H14 and H15 were exhibited as a pair of three-proton singlets at 1.13 and 1.55, indicating the presence of 4,10-dihydroxy groups.
The relative stereochemical assignments were accomplished by a ROESY experiment (Fig. 3 ) and 1 H-1 H coupling constant values in comparison with the related compounds, 22, 23) and particularly the corresponding 2,3-deoxy-2,3-didehydro derivative. 24) Strong ROE correlations of H 3 15/H5, and H 3 15/H3 reveal cis-H 3 15,H5 and cis-H 3 15,H3 relationships, corresponding to a 4-Me (4-OH) and 2,3-epoxy ring configuration. The trans-H5,H6,H7 relationship was elucidated from their large coupling constant values. Considering the ROE correlations of H6/H8, H 3 14/H9, H 3 14/ H9 and H 3 14/H2, the B-ring would adopt a chair-like conformation with a 10-Me (10-OH) group. In addition, a weak ROE correlation was observed for H 3 14/ H8. Although the absolute configuration of 1 was not examined, the structure of compound 1 was determined to be 2,3-epoxy-1,4,10-trihydroxyguai-11(13)-en-12,6-olide (Fig. 1) . 25) The in vitro antiproliferative activities of achillinin A (1) against five human lung tumor cell lines (A549, RERF-LC-kj, QG-56, PC-3 and QG-90) were evaluated and compared to those of cisplatin. The experimental results show that 1 exhibited potential antiproliferative activity toward A549, RERF-LC-kj and QG-90 cells; the 50% inhibitory concentration (IC 50 ) values were 5.8, 10 and 0.31 mM, respectively, and the activity was stronger than that of cisplatin. Cisplatin only had strong antiproliferative activity toward A549 cells (IC 50 ¼ 12 mM), while the cell growth of RERF-LC-kj, QG-56, PC-3 and QG-90 was not effectively suppressed by cisplatin (Table 2) . Most protons have been omitted for clarity. 90 (human small cell lung cancer cell line), RERF-LC-kj and QG-56 (human non-small-cell lung cancer cell line). The cells were cultured in Eagle's minimal essential medium (EMEM) containing 10% (v/v) calf serum (Invitrogen, Carlsbad, CA, USA) and antibiotics (100 mg/mL of streptomycin (Meiji Seika, Tokyo, Japan) and 100 units/mL of penicillin G (Meiji Seika) at 37 C in a humidified atmosphere containing 5% CO 2 .
Measurement of cell viability. Cell viability was evaluated by an MTT assay as previously described. 26) Other conditions. Each value is were expressed as the means of those obtained from more than two independent experiments, unless specifically stated otherwise. A mock treatment was performed under the solvent conditions containing 0.1% DMSO. The statistical analysis was performed by using the Student's t test with Stat View software (Version version 4.5; Abacus Concepts, Berkeley, CA, USA), as previously described. Water (4 L) was added to the crude extract, and lipids were removed by stirring the mixture with hexane (4 Â 3:2 L). The aqueous phase was then salted with NaCl and extracted four times with EtOAc (each with 3.2 L). The combined EtOAc extract was dried over anhydrous sodium sulfate, filtered and evaporated to yield 149 g of a dark brown extract. This EtOAc extract was subjected to dry column chromatography on silica gel (1.5 kg, 8 Â 68 cm bed size), eluting with EtOAc-MeOH (95:5, 2.5 L). The silica gel was cut into 15 equal bands after elution, and each band was individually eluted with EtOAc-MeOH (1:1). The eluates of the column from bands 3 to 6 were combined after TLC analyses and evaporated to yield 43 g of residue A, this then being fractionated by column chromatography on silica gel (1.2 kg, 9:5 Â 30 cm) with hexane-EtOAc (3:1-1:4) as the eluent. The eluted fractions were monitored by TLC and combined into 10 pooled fractions (A 1 -A 10 ). Fraction A 6 was further fractionated by column chromatography on silica gel, eluting using by a gradient of hexaneacetone (2:1 to 1:2). Combination of the resulting fractions on the basis of TLC analyses afforded six fractions A 6-1 to A 6-6 . Part of fraction A 6-3 was submitted to preparative TLC with hexane-EtOAc (2:5) as the developing solvent to yield bands A 6-3-1 and A 6-3-2 . Both of these bands were further purified by preparative TLC developed with hexaneacetone (5:4) to yield 1 (5.5 mg, R f ¼ 0:28).
